Introduction {#sec1}
============

Alzheimer's disease (AD) is the most common form of dementia^[@ref1]^ and is associated with the accumulation of amyloid-β (Aβ), a protein whose aggregation is associated with neurotoxicity.^[@ref2]^ There are two main classes of drug treatments, cholinesterase inhibitors and *N*-methyl-[d]{.smallcaps}-aspartate antagonists; both treat symptoms but do not prevent the progression of disease. There is still debate over the exact size and structure of the most toxic Aβ species, but it is widely held that small oligomers that lack β-sheet structure are more toxic than assembled β-sheet fibrils.^[@ref3]−[@ref7]^ Since the first genetic connection between Aβ and early-onset AD, investigators have targeted Aβ as a potential therapeutic strategy.^[@ref8]−[@ref10]^ Many anti-Aβ antibody drugs (*e.g.*, aducanumab, solanezumab, crenezumab, and gantenerumab) have had promising preclinical results; however, all have failed to show a significant clinical benefit.^[@ref11]−[@ref13]^ One of the greatest challenges of studying AD is that decades may pass before symptoms are identified in patients and the buildup of amyloid plaques is already prevalent.^[@ref14]^ Hence, there is a vital need for accurate early AD *in vitro* models to understand initial protein interactions and toxicity.

We have previously demonstrated that Aβ cytotoxicity was attenuated in three-dimensional (3D) type I collagen hydrogels as compared to in two-dimensional (2D) culture in which significant cell death occurred.^[@ref15]^ We suggested that in collagen hydrogels, (a) the structural equilibrium of Aβ is shifted to favor larger β-sheet aggregates in contrast to in solution where the smaller oligomeric Aβ species persisted and (b) that this shift in distribution of Aβ structures may have led to the stabilization of larger, less toxic fibril species compared to the species observed in solution. Confinement excludes the locally available solvent, which promotes a more compact peptide/protein structure. Confinement also increases local protein concentration, promoting protein--protein interactions. This finding challenges the choice of 2D culture for investigations of Aβ cytotoxicity. Yet, only a few 3D gel-based models of AD have been published to date, most using the gel matrix Matrigel (Corning).^[@ref16]−[@ref19]^ Matrigel is composed of basement membrane extracellular matrix (ECM) molecules (60% laminin, 30% collagen IV, and 8% entactin) and is also commonly used to investigate stem cell differentiation.^[@ref20]−[@ref24]^

A second possible explanation of our previous results is that 3D culture in a collagen hydrogel results in changes in cell signaling, phenotype, or potentially the expression or function of receptors available for Aβ interaction, resulting in attenuated toxicity. In support of this explanation, it is known that epigenetic changes occur in 3D culture that influence cellular phenotype.^[@ref25],[@ref26]^ Further, in comparison to 2D culture, cell morphologies of neuronal cells grown in 3D culture are strikingly similar to those expressed *in vivo*.^[@ref27]−[@ref31]^ Finally, there have been numerous reports of cell surface receptors that bind Aβ, with the numbers of candidate receptors totaling 30 or more.^[@ref32]^ Thus, it is possible that the attenuation of Aβ cytotoxicity observed in 3D collagen may be unrelated to Aβ structural changes but instead be related to cellular responses that are altered because of 3D culture or the presence of collagen.

In this work, we investigated the extent to which the Aβ confinement effect also occurs in other 3D hydrogels that vary in biomaterial physiochemical properties (*e.g.*, mesh size, chemical composition, and biological activity). In this work, we studied Aβ structure, aggregation, and toxicity in hydrogels primarily composed of type I collagen, low melting temperature agarose, hyaluronic acid (HA), and polyethylene glycol (PEG) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In choosing these gel types, we were less concerned with specific biological relevance to brain tissue, rather focusing on gels that vary greatly in mesh size, the potential to alter cell phenotype, and the potential to interact with one or more of the many suspected Aβ cell surface receptors.^[@ref32]^ We excluded laminin and laminin-containing materials (such as Matrigel) from these studies because of laminin's high affinity for Aβ and its potent inhibition of fibril formation^[@ref33]^ Indeed, in our early experiments, we noted that Aβ did not aggregate in gels containing laminin (data not shown).

![Properties of four 3D hydrogels. Four biomaterials were used as hydrogels to encapsulate PC12 cells and Aβ based on their biophysical properties. Collagen is biologically active with a mesh size of ∼10 μm. Agarose is an inert polysaccharide with a mesh size of ∼800 nm. HA is a biologically active glycosaminoglycan modified with maleimide groups and cross-linked with PEG dithiol with a mesh size of ∼200 nm. PEG is an inert polymer cross-linking a four-arm PEG maleimide with a PEG dithiol with a mesh size of ∼10 nm.](ao0c02046_0002){#fig1}

Collagen is the most abundant ECM molecule making up 30% of total mammalian protein mass.^[@ref34],[@ref35]^ Type I collagen is the primary protein in the interstitial ECM and is commonly applied to *in vitro* models of cancer invasion.^[@ref36],[@ref37]^ Many cell types have type I collagen-binding motifs that are important for adhesion, motility, and signaling.^[@ref31],[@ref38],[@ref39]^ The mesh size of type I collagen hydrogels is on the order of ∼10 μm.^[@ref40]^

Agarose is an inert polysaccharide that forms hydrogels with mesh size and stiffness that are controlled by agarose concentration and setting temperature.^[@ref41]^ The agarose hydrogel mesh size can range from 200 to 800 nm.^[@ref41],[@ref42]^ Agarose hydrogels have been utilized to study the diffusion of molecules through porous media^[@ref42],[@ref43]^ and investigate the effect of material stiffness on cell morphology.^[@ref44]^ In particular, preaggregated Aβ40 has been applied to 3D agarose culture; however, the aggregate structure was not investigated.^[@ref45]^

HA is a biologically active glycosaminoglycan found in the ECM of soft connective tissues, especially the central nervous system which is devoid of most proteinaceous ECM molecules.^[@ref46],[@ref47]^ Considering that HA is a natural ECM molecule, it is inherently biocompatible and therefore is commonly selected for applications in regenerative medicine and drug delivery.^[@ref48]−[@ref50]^ HA plays an important role in development and is therefore particularly relevant to *in vitro* cultures of stem cells and cancer cells.^[@ref51]−[@ref56]^ To form stable hydrogels, HA can be modified with reactive functional groups and cross-linked to yield gels with a wide variety of properties.^[@ref57]−[@ref59]^ HA mesh size is dependent on the molecular weight of the HA, the degree of modification of functional groups, and the cross-linking chemistry and is typically between 100 and 600 nm.^[@ref55],[@ref60],[@ref61]^

PEG is an inert synthetic polymer that can be modified with reactive functional groups and cross-linked into a hydrogel scaffold.^[@ref62],[@ref63]^ The particular cross-link chemistry can be selected to adjust the gelation time, and the PEG molecular weight and concentration influence gel stiffness and mesh size, which is typically 10--20 nm.^[@ref64],[@ref65]^

The work described herein examines Aβ aggregation and cytotoxicity in four hydrogels that are commonly selected for applications that involve encapsulated cells ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). We were particularly interested in collagen, agarose, HA, and PEG gels because they have mesh sizes varying from ∼10's of nm to ∼10's of μm. These mesh sizes were hypothesized to impart confined microenvironments on Aβ that are relevant to the sizes of Aβ structures, from monomers/oligomers to fibrils. Further discussion on hydrogels and protein aggregation may be found in our recent review article.^[@ref66]^ We were also interested in these hydrogels given their range of physiochemical properties and potential to interact with cells.

Results and Discussion {#sec2}
======================

In our earlier work, we observed that Aβ aggregation kinetics varied between the contexts of a solution and a 3D collagen hydrogel and that the variations in Aβ aggregation were associated with differences in cytotoxicity between those two contexts. We suggested that the altered Aβ aggregation in the collagen gel was due to confinement within the gel structure, which imparts a shift in the equilibrium Aβ species quickly to larger aggregates *versus* the prolonged presence of oligomers in the solution of a 2D culture. Herein, we further explore this Aβ confinement effect in four hydrogel types that vary in mesh size with size scales relevant to Aβ structures, from monomers/oligomers to fibrils. Because cell--collagen--Aβ interactions may be related to the observed attenuated cytotoxicity, we were also interested in these hydrogels given their range of physiochemical properties and potential to interact with cells.

Results {#sec2.1}
-------

### ThT Fluorescence as a Measure of Aβ Aggregation Kinetics {#sec2.1.1}

To examine the impact of different 3D environments of Aβ aggregation, we used the thioflavin T (ThT) assay to identify the presence of β-sheet Aβ aggregates in solution compared to in collagen, agarose, HA, and PEG hydrogels.

Representative curves of ThT fluorescence *versus* time are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} for Aβ aggregation in solution and hydrogels. In solution, fibrillar Aβ aggregation (signified by ThT fluorescence) had a lag phase during the first ∼20 h, followed by rapid aggregation. In all hydrogels, however, fibrillar aggregation did not exhibit a lag phase, and instead, fluorescence steadily increased from the initiation of the experiment ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Depending upon the supplier and the particular lot of Aβ tested, lag time as well as the maximum fluorescence intensity varied, but all shared the same qualitative features of fibril Aβ aggregation in solution *versus* the hydrogels: fibril aggregation was accelerated in the hydrogels compared to in solution. Fibrillar Aβ aggregation appeared to proceed most rapidly in the gel with the smallest mesh size---the PEG hydrogel showed the fastest initial onset of ThT fluorescence.

![ThT Aβ aggregation kinetics in solution and four hydrogels. ThT binding to stacked β-sheet amyloids triggers fluorescence and therefore tracks kinetics of β-sheet filament aggregation in solution (orange, ●), collagen hydrogel (purple, \*), agarose hydrogel (green, ■), HA hydrogel (blue, ◆), and PEG hydrogel (grey, ▲).](ao0c02046_0003){#fig2}

### Aβ Aggregate Diffusivities by FCS {#sec2.1.2}

Whereas ThT experiments provide an insight into the Aβ aggregate structure and kinetics, this approach is limited in that it cannot indicate aggregate size. Therefore, we utilized fluorescence correlation spectroscopy (FCS) to infer relative Aβ aggregate size from the diffusivity of fluorescently labeled Aβ species. Diffusivity scales inversely to the radius of a spherical particle. Therefore, small diffusivity values correspond to large particles. Although Aβ aggregates are not spherical, this general idea that diffusivity scales inversely with particle size still applies. As monomers come together forming aggregates, the fluorescently labeled species will be registered at a small diffusivity corresponding to a larger aggregate.

Nonaggregating scrambled (Scr) Aβ was used as a control of monomer diffusivity. The diffusivity of these Scr Aβ monomers in solution was determined to be 175 μm^2^/s, whereas the diffusivities of Scr Aβ monomers in the hydrogels were 129 μm^2^/s (collagen), 145 μm^2^/s (agarose), 65 μm^2^/s (HA), and 59.5 μm^2^/s (PEG) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). As points for comparison, the diffusivity of the Aβ monomer is 180 μm^2^/s in solution and 62.3 μm^2^/s in brain tissue.^[@ref67]^ In solution, the diffusivity of the average Aβ aggregate population (determined using the two-component model) is ∼6× slower than the monomer for up to 6 h ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). In collagen, the diffusivity of the average Aβ aggregate population is ∼850× slower than the monomer for up to 4 h ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). In agarose, the diffusivity of the average Aβ aggregate population is ∼3600× slower than the monomer for up to 4 h ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). In the small-mesh-size hydrogels, HA and PEG, the diffusivities of the average Aβ aggregate population are ∼130× slower than the monomer with little variation (1 order of magnitude or less) for up to 4 h ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,e).

![FCS *G*(τ) fit using a triplet two-component model. *G*(τ) of 20 μM Aβ with 250 nM HiLyte Aβ where species 1 was held constant at the calculated Scr Aβ diffusivity (in each condition) assumed to be a monomer (solid line). Species 2 was solved for and represents the average aggregate species diffusivity population (●) in solution \[(a), orange\], collagen hydrogel \[(b), purple\], agarose hydrogel \[(c), green\], HA hydrogel \[(d), blue\], and PEG hydrogel \[(e), gray\]. The two-sample KS test found a significant difference between all comparisons except collagen/agarose, collagen/PEG, and agarose/PEG (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02046/suppl_file/ao0c02046_si_001.pdf) and [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02046/suppl_file/ao0c02046_si_001.pdf)).](ao0c02046_0004){#fig3}

The correlation functions were also determined using the maximum entropy method for FCS (MEMFCS) program. A distribution of multiple diffusivity populations of Aβ aggregates and their relative fractions were modeled. In solution, Aβ diffusivity values have a single broad distribution with a peak diffusivity of 85 μm^2^/s ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The peak diffusivity of Aβ in solution is ∼2× slower than the Scr Aβ diffusivity, suggesting an Aβ population predominately composed of dimers. In all hydrogel types, Aβ has a peak diffusivity similar to the diffusivity of the Scr monomer. However, in contrast to the solution samples that only have one diffusivity peak, the diffusivity values in all hydrogel types show a small secondary diffusivity peak as early as 5 min after addition of Aβ to the hydrogel and persists throughout the measurement period (up to 4 h) with diffusivity values in the range of 0.17--9 μm^2^/s or between 360× and 50× slower than Scr Aβ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--e).

![Aβ aggregate distribution using MEMFCS. FCS *G*(τ) fit of 20 μM Aβ with 250 nM HiLyte Aβ using the MEMFCS program code gifted by Maiti.^[@ref68]^ In (a), solution timepoints were collected over 8 h (orange; *n* = 6). In (b), collagen hydrogel timepoints were collected over 4 h (purple; *n* = 6). In (c), agarose hydrogel timepoints were collected over 4 h (green; *n* = 5). In (d), HA hydrogel timepoints were collected over 4 h (blue; *n* = 6). In (e), PEG hydrogel timepoints were collected over 4 h (gray; *n* = 6). The two-sample KS test found a significant difference between all comparisons except solution/agarose, collagen/PEG, and HA/PEG (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02046/suppl_file/ao0c02046_si_001.pdf) and [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02046/suppl_file/ao0c02046_si_001.pdf)).](ao0c02046_0005){#fig4}

Both analysis methods of the FCS data indicate that Aβ aggregates differently in 3D gels compared to in solution. Based on these data, a rough estimate of aggregate species size in hydrogels is ∼25× to 200× larger than the Aβ species detected in solution.

### Toxicity of Aβ in 2D and 3D Cultures {#sec2.1.3}

Biophysical analysis using ThT and FCS depict matching trends for Aβ aggregation in the hydrogels as compared to in solution. However, the variations in aggregation between hydrogel types may favor different size ranges of aggregate species that have varying degrees of toxicity. Therefore, we examined the viability of PC12 cells when treated with Aβ in 2D and 3D collagen, agarose, HA, and PEG hydrogels over a 72 h period ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Percent viability of Aβ treated cells and viability normalized by the untreated condition. Viability of PC12 cells treated with 20 μM pretreated Aβ (a), normalized by respective untreated conditions (b). Cells were cultured on 2D collagen or encapsulated within 3D collagen hydrogel, 3D agarose hydrogel, 3D HA hydrogel, or 3D PEG hydrogel. Viability was tested using a Live/Dead assay over the 72 h period. Significant differences were seen in the 2D culture in the presence of Aβ compared to no Aβ at 24, 48, and 72 h signified by (\*). Significant differences were seen between all hydrogels treated with Aβ compared to the respective time points in 2D (48 and 72 h) signified by (†). A significant difference was also seen between 3D HA and the 2D culture at 24 h signified by (‡). Statistics used *n* = 4. *P* values at significantly different times in the 2D culture: 24 h (0.004), 48 h (\<0.001), and 72 h (\<0.001); 3D cultures: 48 h (\<0.001) and 72 h (\<0.001); and 3D HA: 24 h (0.045).](ao0c02046_0006){#fig5}

We acknowledge that the percent viability decreases for all samples over time ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), but it is important to note that the medium was not exchanged in order to better retain the evolving populations of Aβ species that were measured in the ThT and FCS experiments. Over 72 h, it is likely that cell waste accumulates and nutrients are depleted, thus explaining the decrease in cell viability in all conditions.

We report the viability data in two ways. First, we report the cell viability percentages for each condition ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Then, to provide an alternative perspective for interpreting the results, in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, we show the same data when normalized by the respective untreated condition. The percent of viable cells cultured in 2D with Aβ decreased greatly by 24 h (49% viability; *p*-value 0.004), and then at 48 h and 72 h, the cell viability was further reduced to 16% (*p*-value \< 0.001) and 12% (*p*-value \< 0.001), respectively. The type of 3D hydrogel did not affect cell viability, yet differences between the viability of Aβ-treated cells in 3D hydrogels and 2D culture at 48 and 72 h are significant (*p*-value \< 0.001).

Representative fluorescence microscopy images of LIVE/DEAD-stained cells at 0, 24, 48, and 72 h in 2D and 3D cultures are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. In the presence of Aβ, the extent of cell death (red staining) at 48 and 72 h in the 2D culture is striking, while no notable increase in cell death is observed in the Aβ-treated 3D cultures ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b--e).

![Micrographs of PC12 cell viability in 2D and 3D cultures. Cells were cultured on 2D collagen (a), 3D collagen (b), 3D agarose (c), 3D HA (d), and 3D PEG (e). Control conditions were cells cultured without Aβ (column labeled "Cells""). Experimental conditions were cells cultured with 20 μM Aβ (column labeled "Aβ"). Live cells fluoresced green from Calcein AM and dead cells fluoresced red from EthD. The scale bar is 200 μm; all micrographs are of the same magnification.](ao0c02046_0007){#fig6}

Discussion {#sec2.2}
----------

In a broad range of contexts, the epigenetics and morphology of cells *in vivo* can be well-approximated in 3D hydrogel cultures. Though simple hydrogels cannot recapitulate the entire complexity of *in vivo* tissues, there is a growing amount of evidence that 3D culture systems provide for more physiologically relevant cellular behaviors than do 2D cultures.^[@ref19],[@ref29],[@ref31],[@ref69]−[@ref71]^ Depending on the application, the optimal physiochemical properties of the hydrogel model will vary. Type I collagen hydrogels have been applied to recapitulate *in vivo*-like cancer cell behaviors including migration and invasion.^[@ref37],[@ref72],[@ref73]^ Agarose hydrogels are capable of allowing hepatocytes, fibroblasts, and other cell types to elaborate the distinct cellular zones that exist within respective tissues.^[@ref74]−[@ref76]^ The bioactivity of HA hydrogels has been utilized in stem cell differentiation and patient cancer cell expansion for personalized medicine.^[@ref77],[@ref78]^ In addition, drug delivery applications have utilized PEG hydrogels because of their biocompatibility and tunable degradation properties.^[@ref79]^ Features of hydrogels that may be important in various applications include mesh size, chemical composition, stiffness, and the presence of ligands or functional groups that interact with the cell surfaces.

Hydrogels impart confinement by encapsulating proteins in a macromolecular network. The network serves to exclude solvent from proteins, which minimizes the ability of proteins to undergo changes in conformation and increases the local protein concentration; the net result is that confinement promotes proteins to undertake compact structures and favors protein--protein interactions. The degree to which a particular hydrogel exerts confinement on an encapsulated protein is inversely proportional to the gel's mesh size. With this in mind, we predicted altered Aβ aggregation kinetics in gels with small mesh sizes (HA, PEG) *versus* those with larger mesh sizes (collagen, agarose).

The attenuation of Aβ toxicity in hydrogels could potentially be influenced by cellular changes that occur because of cell--hydrogel interactions. Thus, we acknowledge that the biological activity of the hydrogel (*e.g.*, integrin-binding motifs in collagen and CD44- and RHAMM-binding motifs in HA) may influence the Aβ toxicity. Collagen is a commonly used hydrogel, but HA hydrogels could be more relevant to studies related to the brain wherein the main ECM molecules are HA, tenascins, and lecticans.^[@ref47]^ Basement membrane ECM molecules such as laminins and collagens are an important component of the blood--brain barrier and are found surrounding blood vessels in the brain.^[@ref80]^ Thus, we investigated Aβ aggregation and cytotoxicity in both biologically active and inert hydrogels in order to uncover a possible role of bioactivity on cell susceptibility to Aβ toxicity.

The kinetics of Aβ aggregation was measured *via* ThT assay, wherein ThT fluorescence indicates the presence of β-sheet structures. The presence of β-sheet aggregates was negligible (no fluorescence) at the start of each experiment. This is consistent with the Aβ pretreatment process that was used to ensure a consistent population of Aβ monomers at the start of each experiment.^[@ref15]^ All conditions showed the presence of aggregated Aβ (ThT fluorescence) that increased over time according to one of four trends: (1) a pronounced lag phase and then rapid aggregation, (2) a two-phase increase in fluorescence depicting an overall relatively slow rate of aggregation, (3) a brief slow phase and then rapid aggregation, and (4) a two-phase increase in fluorescence suggesting an overall relatively fast rate of aggregation.

For Aβ aggregation in solution, ThT fluorescence measurements consistently show a pronounced lag phase and then rapid aggregation or a trend 1 curve ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Both ThT and FCS measurements indicate that the only Aβ species present for up to 20 h were small, rapidly diffusing species that are devoid of β-sheet structures for at least 6 h ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}a, and [4](#fig4){ref-type="fig"}a). At these early times, the Aβ species present are likely monomers and dimers as well as a population of larger species (diffusivities of ∼20 μm^2^/s, [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [4](#fig4){ref-type="fig"}a) do not have an extended β-sheet structure (do not bind ThT, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

For Aβ aggregation in 3D hydrogels, all four types displayed the immediate presence of extended β-sheet structures and a population of large aggregate species ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}b--e and [4](#fig4){ref-type="fig"}b--e). In other words, for all hydrogels, a type 1 curve was never observed but instead displayed trend 2, 3, or 4 with some differences in magnitude depending on the Aβ lot and random variation. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} depicts the most common curves observed for each hydrogel type: collagen shows trend 2, agarose shows trend 3, HA shows trend 3, and PEG shows trend 4. These trends are consistent with the idea that Aβ is confined in a hydrogel: PEG hydrogels have the smallest mesh size (∼20 nm) and show the fastest Aβ aggregation, collagen hydrogels have the largest mesh size (∼10 μm) and show Aβ aggregation occurring at a slower rate than in PEG gels, yet faster than in solution.

We expected that given the differences in the Aβ aggregation rate and size distribution observed in the four hydrogel types, coupled with differences in hydrogel bioactivity, that Aβ cytotoxicity would vary with the particular hydrogel type, but all hydrogels would be associated with lower cytotoxicity than that observed in solution. To our surprise, despite quantitative differences in Aβ aggregation kinetics and aggregate size distributions, all hydrogel materials completely attenuated Aβ toxicity for up to 72 h in culture ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}). When Aβ aggregation was reexamined in hydrogels containing cells, there was no difference in respective aggregation kinetic curve types regardless of the presence of cells (data not shown). From the results presented herein, it appears the key feature relevant to Aβ toxicity that is consistent across all hydrogel types is the rapid stabilization of large β-sheet aggregates, suggesting that attenuated Aβ cytotoxicity in hydrogels may be due to a limited presence of Aβ oligomers that are available to interact with cells.

We acknowledge that Aβ aggregation also may be influenced by properties of the hydrogels (*e.g.*, charge, hydrophilicity) that were not evaluated herein. Also, we cannot rule out that the attenuation of Aβ toxicity in hydrogels is influenced by confinement of the cells themselves or effects from the stiffness of the cellular microenvironment. However, we hold that these possibilities are unlikely given the evidence that 3D culture allows cells to more closely mimic *in vivo* phenotypes *versus* 2D culture.^[@ref28],[@ref29],[@ref31]^ More importantly, we reported in 2002 that agarose itself does not confer a protective effect against the cytotoxicity of the Aβ 1--40 amino acid sequence.^[@ref45]^ Similar results were found with the 1--42 amino acid sequence of Aβ (unpublished data). Results presented herein may seem to contradict findings in our 2002 publication^[@ref45]^ that Aβ is toxic to cells in 3D agarose hydrogels. It is important to note that experiments herein utilized Aβ in the monomeric form, whereas the 2002 publication used preaggregated Aβ that contained a mixture of fibrils and smaller aggregated species, including the toxic 20 μm^2^/s diffusing species. In contrast, we report here that the intermediate 20 μm^2^/s diffusing species was not observed in any of the hydrogel types tested ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Therefore, the current and 2002 reports are consistent in the idea that confinement in a hydrogel alters the kinetics of Aβ aggregation resulting in (a) Aβ populations predominated by larger aggregate species (as opposed to Aβ in solution wherein oligomers are present for prolonged times) and (b) attenuation of Aβ toxicity *versus* that observed in 2D cultures.

Our findings have strong implications for *in vitro* models of disease. Aβ has been studied *in vitro* for decades in solution wherein unstructured cytotoxic aggregates are clearly identifiable. Many drugs have been designed to target Aβ aggregation or interactions with cells. Yet, astoundingly few AD drugs have been approved by the FDA. We demonstrate here that Aβ cytotoxicity is completely attenuated in 3D culture models composed of commonly used hydrogels that have a broad range of physical, chemical, and biological properties.

It is more challenging to relate our studies to the progression of Aβ formation, aggregation, and clearance *in vivo*. Whereas a number of studies demonstrated that Aβ dimers and oligomers can be isolated from brains of AD patients, either in tissue or in exosomes,^[@ref81],[@ref82]^ the time course for the generation and persistence of these species during the course of disease is much more difficult to evaluate. Even in brain organoid models where the progression of accumulation of Aβ species can be determined, the structure of those Aβ species has not been assessed.^[@ref83]^ Others have observed that the structure of Aβ fibrils isolated from brains is different than *in vitro* solution-formed fibrils.^[@ref84]^ Thus, our results suggest a need for caution in assuming *in vitro* 2D aggregation, structure, and cytotoxicity studies are appropriate models for *in vivo* or 3D models of Aβ activity. In addition, our work highlights the need for a greater understanding of the generation and persistence of dimer or oligomeric species of Aβ *in vivo* during AD if we are to truly understand their role in disease.

Stated more generally, we report that protein--protein interactions are altered in confined microenvironments. We suggest that this phenomenon may also relate to protein confinement as it occurs intracellularly and *in vivo*. Therefore, any field of research investigating protein structure and function in contexts relevant to those that exist *in vivo* should consider the potential impact of protein confinement by the local microenvironment.

Materials and Methods {#sec3}
=====================

Beta-Amyloid Preparation {#sec3.1}
------------------------

Human beta-amyloid (1--42) (Aβ) and Scr Aβ (1--42) (Scr Aβ) (*AIAEGDSHVLKEGAYMEIFDVQGHVFGGKIFRVVDLGSHNVA*) were purchased from AnaSpec (Fremont, CA) and Genscript (Piscataway, NJ). HiLyte 488-labeled Aβ (1--42) (HiLyte Aβ) and FAM-labeled Scr Aβ (1--42) (FAM Scr Aβ) were purchased from AnaSpec (Fremont, CA). All other unspecified reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Thermo Fisher Scientific (Waltham, MA).

To break any existing β-sheet structures and monomerize the protein, lyophilized Aβ was pretreated with hexafluoro-2-propanol at a concentration of 1 mg/mL for 40 min until Aβ was fully dissolved. Aβ aliquots were transferred into glass scintillation vials, and hexafluoro-2-propanol was evaporated under vacuum overnight. Aliquots of dried peptide film were stored at −20 °C. For an experiment, an Aβ aliquot was dissolved in freshly made and filtered 60 mM NaOH and allowed to dissolve for 2 min at room temperature. Tissue culture grade water was then added, and the vial was sonicated for 5 min. Next, the Aβ solution was filtered with a 0.2 μm pore, 4 mm diameter syringe filter. Sterile phosphate buffered saline (PBS) was then added to the Aβ monomer solution, yielding a final concentration of 222 μM with the NaOH/water/PBS ratio of 2:7:1. The Aβ solution was used immediately after preparation. HiLyte Aβ and FAM Scr Aβ were prepared in the same NaOH/water/PBS ratio solution to a stock Aβ concentration of 10 μM.

Hydrogel Preparation {#sec3.2}
--------------------

Rat tail type I collagen hydrogels were prepared to final concentrations of 1 mg/mL. Cold 5× Dulbecco's modified Eagle's medium (DMEM) without phenol red, 7.5% sodium bicarbonate, sterile deionized water, and collagen were combined with PC12 cells to generate 3D substrates in black-walled clear-bottom well plates.

SeaPlaque agarose with a concentration of 1% (w/v) was prepared in deionized water and sterilized. Agarose was heated to 68 °C and then cooled at room temperature for 5 min before mixing 1:1 with concentrated culture medium, yielding a solution of 1× DMEM without phenol red, 1% B27, and 0.5% agarose. The hydrogel solution was dispensed into black-walled clear-bottom well plates and placed in a culture incubator for 20 min to allow for gelation.

HA and PEG hydrogels were each cross-linked by a maleimide--thiol Michael addition click reaction. HA (242 kDa) was functionalized with maleimide (HA-Mal) following a published protocol.^[@ref61]^ Briefly, HA was dissolved in 0.1 M 2-(*N*-morpholino)ethanesulfonic acid buffer at a concentration of 5.15 mM. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (15 mM) and *N*-hydroxysuccinimide (NHS, 15 mM) were added, and the solution was mixed for 30 min. Next, *N*-(2-aminoethyl)maleimide trifluoroacetate salt (10 mM) was added and mixed for 4 h covered with plastic wrap. The mixture was dialyzed against 50 mM NaCl in deionized water for 3 days and then against deionized water for 3 days. The dialyzed solution was then sterile-filtered and aliquoted aseptically into sterile 15 mL tubes, lyophilized, and stored at −20 °C. The degree of substitution, the number of maleimide groups per HA chain, was determined as per the literature^[@ref61]^ by ^1^H NMR to be ∼40.

For HA hydrogels, HA-Mal was prepared at 1% (w/v) and mixed in an equal volume with PEG dithiol (10 kDa) at a molar ratio of 1:1.2 maleimide to thiol. For PEG hydrogels, four-arm PEG maleimide (PEG-Mal, 20 kDa) was prepared at 5% (w/v) and mixed in an equal volume with PEG dithiol (10 kDa) at a molar ratio of 1:1 maleimide to thiol. All HA and PEG solutions were dissolved in Neurobasal medium supplemented with 1% B27. PEG solutions were filter-sterilized. In black-walled clear-bottom well plates, maleimide solutions were pipetted into the well first and then the thiol solution containing experimental additives (cells, Aβ, ThT) was pipetted into the maleimide droplet to mix. Both HA and PEG gels cross-linked within ∼5 s.

Thioflavin T {#sec3.3}
------------

A black-walled clear-bottom 384-well plate (Costar) was sterilized under UV light for 15 min in a laminar flow hood. UltraPure grade ThT (AnaSpec, Fremont, CA) was dissolved in deionized water at a concentration of 1 mM and then filter-sterilized. Wells for 2D and 3D samples were prepared as above but contained 20 μM ThT. The wells were sealed with black TopSeal-A membranes to prevent evaporation. The ThT experiment was analyzed on a SpectraMax M5 (Molecular Devices, San Jose, CA) spectrophotometer set to ex. 450 nm, em. 480 nm, at 37 °C, taking measurements every 30 min for 72 h and reading from the bottom of the plate. Replicates were averaged, Aβ data were corrected with ThT control data, and corrected curves were normalized. As in standard practice in Aβ aggregation studies,^[@ref85],[@ref86]^ because of the stochastic nature of aggregation, curves representative of at least 10--20 experiments are presented here.

Fluorescence Correlation Spectroscopy {#sec3.4}
-------------------------------------

### Theory {#sec3.4.1}

FCS measures the fluctuations of fluorescence in a small, optically defined confocal volume (∼10^--15^ L). These fluctuations are typically attributed to the fluorescent particles moving in and out of the volume with a statistical average residence time, τ~D~. The residence time is proportional to the hydrodynamic radius (*R*~H~) of the molecule. The fluctuations of detected photons inform the autocorrelation, *G*(τ), function defined aswhere δ*I*(*t*) = *I*(*t*) -- *I*(*t*) is the fluorescence fluctuation determined from the measured fluorescence intensity, (*t*), at time t, and the average intensity, *I*(*t*), over the period of measurement. The excitation laser, which is focused, is assumed to have a 3D Gaussian profile, with a characteristic radial dimension (*w*~0~) and a characteristic axial dimension (*z*~0~). For a solution of n noninteracting, freely diffusing fluorescent species, *G*(τ) is given byHere, the *D*~*i*~ values are the n different values of diffusion constants and *b*~*i*~ are the relative fractions in brightness of these species. In practice, the radial and axial dimensions were determined using Alexa 488 dye in water where the diffusion coefficient (430 μm^2^/s) is known and was used to estimate the excitation volume for a 3D Gaussian beam.^[@ref87]^

Methods {#sec3.5}
-------

Neurobasal medium was used in preparing solution samples and contained 20 μM Aβ and 250 nM HiLyte Aβ. Hydrogels were prepared as described with 20 μM Aβ and 250 nM HiLyte Aβ and then pipetted into 0.8 mm-deep hybridization chambers (PerkinElmer, Waltham, MA) on a borosilicate cover glass. Control samples were tested with 20 μM Scr Aβ and 250 nM FAM Scr Aβ.

The FCS measurements were performed using an Alba-FFS microscope-based system from ISS Inc. (Champagne, IL). The system is composed of an Olympus IX81 inverted microscope equipped with a 60×/1.35NA oil immersion objective lens, a Prior Pro stage, three different lasers (450, 488, and 532 nm), two Hamamatsu Photon Multiplier tubes (PMTs) for photodetection, and two sets of computer-controlled scanned mirrors for imaging. In these measurements, only the 488 nm diode laser was used for excitation of the fluorophores Alexa 488 or fluorescently-labeled Aβ, and the emitted fluorescence was collected through confocal detection with a pinhole (\<50 mm) located in the image plane of the excited focused beam inside the sample. The emitted fluorescent beam was optically filtered further with a (525/50 nm) filter and then sent to a 50/50 beam splitter for detection by two PMTs positioned in a 90° angle configuration. The photocounts of both PMTs were continuously acquired and then computationally cross-correlated in order to eliminate the after-pulsing effect of a single PMT, which is typically noticeable at short delay times (\<10 ms).

Using Vista Vision software, two runs were carried out back to back collecting for 3 min each to generate the correlation function *G*(τ) for each sample at a time point. The two correlation functions were averaged, and the Scr Aβ correlation function was fit using the one-component model to determine the diffusivity of the monomer. Further, the measured time-correlation functions for Aβ were fit using the two-component model where the size of species 1 was held constant at monomer diffusivity in order to derive the average aggregate diffusivity population of the second species. Additional refinement for fitting the correlation functions were also performed with the Maximum Entropy Method FCS (MEMFCS) thanks to a code gifted by Maiti (Tata Institute of Fundamental Research), allowing us to obtain the heterogeneous distribution of aggregate diffusivities at each time point.^[@ref88]^

Small molecules have a short delay time because they diffuse quickly through the volume, whereas large molecules have a long delay time because of their relatively slow diffusion through the volume. The two-component model is intended to model two distinct molecular species in solution. For our samples, we held the monomer diffusivity constant as species 1 where the average diffusivity of aggregated species was identified by solving for species 2.

Fluorophore labeling of Aβ monomers inhibits aggregation due to the bulky groups, sterically preventing proper monomer-to-monomer stacking.^[@ref89]^ Therefore, we used a ratio of 1:80 HiLyte 488-labeled Aβ to unlabeled Aβ, and FAM-labeled Scr Aβ to unlabeled Scr Aβ, to allow unhindered β-sheet stacking. Nanomolar fluorophore concentrations are also preferable in FCS in order for the detectors to monitor few individual fluorescent molecules in the confocal volume, enhancing hence the signal-to-noise of the fluctuations.

Cell Culture {#sec3.6}
------------

PC12 cells (ATCC, Manassas, VA) (CRL-1721TM) were cultured in collagen-coated flasks. The growth medium consisted of DMEM/F12 with [l]{.smallcaps}-glutamine and without phenol red, supplemented with 10% inactivated horse serum, 5% fetal bovine serum, and 20 μg/mL gentamicin. The experimental medium consisted of Neurobasal medium without phenol red, supplemented with 1% B27 and 20 μg/mL gentamicin. Phenol red and serum were avoided in the experiments because they are inhibitors of Aβ aggregation.^[@ref90],[@ref91]^

Live/Dead Assay {#sec3.7}
---------------

PC12 cells were collected by trypsin treatment, and viability was determined by trypan blue staining. To remove serum, the cells were resuspended in experimental medium, pelleted, and then resuspended again in experimental media. In a black-walled clear-bottom tissue culture-treated 96-well plate, wells for the 2D culture were collagen-coated and then PC12 cells were seeded at 15 × 10^3^ cell/cm^2^. For the 3D hydrogels, PC12 cells were mixed in collagen and agarose gel solution at a concentration of 500 cell/μl; the solution was then pipetted (30 μL) into the well plate and allowed to solidify. For HA and PEG hydrogels, PC12 cells were mixed in PEG dithiol solutions at a concentration of 1000 cell/μL. HA-Mal and PEG-Mal solutions were pipetted (15 μL) into the well first; then, the PEG dithiol solution (containing the cells) was pipetted (15 μL) into the maleimide solution to mix. The final HA and PEG hydrogels had a PC12 cell concentration of 500 cell/μl. All wells were incubated in 200 μL warmed medium.

To determine cell viability, the Live/Dead mammalian cell kit (Invitrogen, Carlsbad, CA) was applied at a concentration of 4 μM Calcein AM (green-fluorescing live cell reporter) and 9 μM Ethidium homodimer-1 (EthD) (red-fluorescing dead cell reporter) and incubated at 37 °C for 30 min. Images were captured on an IX81 Olympus inverted fluorescent microscope. A minimum of 100 cells were counted per well (two images per well), and three wells per condition were tested. The data are presented as percent viability, averaged between the three replicate experiments.

Statistical Analysis {#sec3.8}
--------------------

Data were analyzed for statistical significance with Prism v8 software (GraphPad). The raw FCS experimental *G*(τ) curves, the two-component model calculated *G*(τ) curves, and the MEMFCS calculated *G*(τ) curves were analyzed for significance using the two-sample Kolmogorov--Smirnov test with 95% confidence. To correct for multiple comparisons, we used the two-stage step-up method of Benjamini, Krieger, and Yekutieli with the false discovery rate (FDR) set to 5%. Cell viability data were analyzed with a general ANOVA with a post Tukey pairwise test, which determined significant deviation from the population mean with a *p*-value \<0.05 with 95% confidence.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02046](https://pubs.acs.org/doi/10.1021/acsomega.0c02046?goto=supporting-info).Comparative KS 2-sample test of *G*(τ) curves and *G*(τ) comparison curves of raw experimental data, calculated two-component model fits, and calculated MEMFCS model fits ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02046/suppl_file/ao0c02046_si_001.pdf))
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AD

:   Alzheimer's disease

Aβ

:   amyloid-β

DMEM

:   Dulbecco's modified Eagle's medium
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:   extracellular matrix
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:   false discovery rate

FAM Scr Aβ

:   FAM-labeled scrambled Aβ (1--42)

FCS

:   fluorescence correlation spectroscopy

HiLyte Aβ

:   HiLyte 488-labeled Aβ (1--42)
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NHS
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ThT
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